Flood mapping is a crucial element of flood risk management. In small and ungauged basins, empirical and regionalization approaches are often adopted to estimate the design hydrographs that represent input data in hydraulic models. In this study, two basins were selected in Slovakia and different methodologies for flood mapping were tested highlighting the role of digital elevation model (DEM) resolution, hydrologic modeling and the hydraulic model. Two DEM resolutions (2 m and 20 m) were adopted. Two hydrologic approaches were employed: a regional formula for peak flow estimation and the EBA4SUB model. Two hydraulic approaches (HEC-RAS and FLO-2D) were selected. Different combinations of hydrologic and hydraulic modeling were tested, under different spatial resolutions. Regarding the DEM resolution, results showed its fundamental importance in the low relief area while its effect was secondary in the moderate relief area. Regarding the hydrologic modeling, results confirmed that it affects the results of the flood areas in the same way independently of DEM resolution and that when using event-based models, the hydrograph shape determination is fundamental. Regarding the hydraulic modeling, this was the step where major differences in the flood area estimation were found.
INTRODUCTION
Flood mapping is a crucial element of flood risk management, producing flood hazard maps which show the extent and expected water depths of flooded areas for various scenarios. However, reliable flood mapping is difficult in small ungauged basins due to the lack of observed discharge data that are needed for calibrating the adopted hydrologic and hydraulic models. Indeed, the primary methodology for estimating flood frequency would be fitting a theoretical statistical distribution to available measurements of flood peak discharges, but in the case of ungauged basins the most preferred approaches are the empirical and regional ones, since they do not require calibration.
In Slovakia, the most common approach for estimating design peak discharges in catchments without gauging stations is the regional method by Dub () , which is based on the basin morphometric properties and regional parameters derived for individual regions of Slovakia. This regional method is simple and needs minimum input data; however, it has some drawbacks. For instance, it estimates the peak flow but not the whole design hydrograph, which is usually needed for sophisticated hydraulic models.
On the other hand, conceptual models trying to represent in a simplified form the mechanisms governing the formation of the design hydrograph were developed in many scientific studies. Particularly, one of the recently developed conceptual models is the Event Based Approach for Small and Ungauged Basins (EBA4SUB) (Grimaldi & model, the complexity of models ranges from one-dimensional (1D) to two-dimensional (2D) (Apel et al. ) .
1D models can be used for steady and unsteady flow analysis (Mark et al. ). However, one disadvantage of 1D hydraulic models is that they do not provide information about the character and direction of the flow field or the way of flowing off the obstacles (such as buildings) which is most prominent in urban areas (Horritt & Bates ) . Although advanced 2D hydraulic approaches are more demanding in terms of computational resources, they are recommended for detailed local spatial scale areas and complex urban settings where the 1D hypothesis is often not applicable (Grimaldi et al. a; Ignacio et al. ) .
Nevertheless, inherent uncertainties are present in multiple aspects of the hydrologic-hydraulic (h&h) approaches involving the model structure, model parameters, boundary conditions or input data. These uncertainties may be surprisingly large, even in small basins (Dimitriadis et al. ) .
According to Grimaldi et al. (a) , three main issues characterize the current h&h modeling procedure for flood mapping: (1) availability of a detailed topographic information digital elevation model (DEM); (2) impact of the hydrologic modeling; (3) impact of the hydraulic model. This study investigates all of the three issues in two selected small ungauged basins in Slovakia and focuses on the related uncertainties. Regarding the first issue and its associated uncertainty, it compares a 2 m high-resolution airborne DEM with a resampled 20 m resolution DEM. As for the second issue and its associated uncertainty, the study analyzes the impact of hydrologic modeling on the flood mapping procedure, adopting both the regional method and the EBA4SUB model. In terms of the last issue and its associated uncertainty, this study compares 1D steady flow analysis performed by the HEC-RAS hydraulic model and 2D analysis using the FLO-2D hydraulic model.
The aims of this study are as follows:
(1) To test EBA4SUB for the first time in two small ungauged basins in Slovakia. The obtained design hydrographs are compared with the corresponding one obtained by the regional method.
(2) To determine flood prone areas employing different h&h modeling approaches in order to understand which step of the employed methodology affects the results more. Furthermore, in this study an attempt is made to present an alternative approach to the current methodology adopted in Slovakia for flood mapping using the most recent h&h modeling.
STUDY AREA AND DATA
The main reasons for the selection of two similar small ungauged basins (i.e. case studies) were the following: first, several flood events occurred in both areas, so the two basins are indeed sensitive zones where anthropic structures are at risk. Second, both case studies have a comparable catchment area, but, on the other hand, they have different topographic (morphometric) and land cover characteristics: testing different h&h methodologies on such basins can help to determine how the differences in attributes affect the flood mapping results. Available data for hydrologic and hydraulic modeling
Radiša and Vycǒma case studies
The DEM used for hydrologic modeling was derived from the interpolation of 1:10,000 contour lines and elevation points using a specific interpolation method For the hydraulic modeling, the 2 m high-resolution DEM, current orthophotos (provided by the company GEO-DETICCA, s.r.o.) and vector cadastral maps were used to prepare input data for the hydraulic models. 
METHODS
Regional formula for peak flow estimation
The employed regional method was introduced by Dub (, ). This method is based on basin morphometric properties and regional parameters which were derived for different regions of Slovakia. The method was already used for the estimation of maximum discharges in the Vycǒma case study by Vojtek & Vojteková () . However, in the present work different river cross sections were determined for the estimation of peak discharges, and revised regional parameters (Makeľet al. ) were used instead of original regional parameters.
In this study, the following procedure for estimating design peak discharges (Q T ) was applied:
1. The necessary morphometric properties were calculated: catchment area (A), forested area (A f ), watercourse length (L) and catchment shape (α).
2. The design discharge with 100-year return period (Q 100 ) was calculated:
where: Q 100 -design discharge with 100-year return period Maximum specific discharge with 100-year return period (q max100 ) was calculated:
where: c 1 -correction factor of afforestation, c 2 -correction factor of catchment shape, B and n -revised regional par- 
where: c 1 -correction factor of afforestation, A -catchment
Correction factor of catchment shape (c 2 ) is characterized by the catchment shape coefficient (α), which was calculated according to:
where:
The values of correction factor of catchment shape (c 2 ) range from À0.1 to 0.1 (Mosný ):
3. Design discharges (Q T ) with Tr-year return periods were calculated according to:
where: Q T -design discharge with Tr-year return period (m 3 /s), a N -regional frequency factor for differently forested catchments (see e.g. Čerkašin () or Mosný ()), Q 100 -design discharge with 100-year return period (m 3 /s).
The design hydrographs, needed for hydraulic modeling in order to determine the flood prone areas, were reconstructed synthetically using the SCS (Soil Conservation
Service, now NRCS, National Resources Conservation Service) Dimensionless Unit Hydrograph (SCS ). Within the framework of the ungauged basin perspective, the standard curvilinear hydrograph shape was adopted and the design hydrograph was determined starting from the calculated peak discharge values and from the estimated basin concentration time that was calculated with the Giandotti () formula.
Event-based EBA4SUB model
EBA4SUB is a rainfall-runoff model consisting of three modules: (a) gross rainfall estimation, (b) net rainfall determination, and (c) rainfall-runoff transformation.
In module (a) synthetic design rainfall based on
Intensity-Duration-Frequency (IDF) curves can be determined and different design hyetographs can be selected.
In this study, the Chicago hyetograph was selected. Rainfall duration was assumed equal to the concentration time (T c ), which is estimated from DEM thanks to the Giandotti () formula. An areal reduction factor (ARF) was applied to extend to the whole basin the punctual rain gauge information (Leclerc & Schaake ) . Regarding the IDF parameters, they were determined starting from annual maxima daily precipitation values employing the methodology described in Bara
In module (b) net rainfall is calculated with the CN4GA (Curve Number for Green-Ampt) scheme (Grimaldi et al.
b) consisting of two steps: the first step estimates ponding time and cumulative net rainfall volume thanks to the Curve Number (CN) method (NRCS ).
where P e is the total net rainfall, P is the total gross rainfall, 
where q 0 is the infiltration rate, i is the gross rainfall intensity, I is the cumulative infiltration, K s is the saturated hydraulic conductivity, t p is the ponding time, ΔH is the difference between the matric pressure head at the moving wetting front and at the soil surface, and Δθ is the change in soil water content between the initial value of soil water content and the field saturated soil water content.
The previous equation is implemented assuming that the ponding time is reached when the total precipitation P(t) is equal to I a . The calibration of parameters is automatically performed, matching the cumulate net rainfall values computed by applying Equation (7) and Equation (6). It is noteworthy that this approach combines the accuracy of a physically based infiltration scheme with the simplicity of an empirical approach employing only one parameter (CN). CN was assigned here thanks to NRCS () official tables starting from the land cover data. Hydrologic soil group B was selected for both case studies based on available soil maps, while the initial abstraction ratio (λ) was 
where L c and L h are the drainage path in the channel and along the hillslope, respectively, related to the DEM cell 
RESULTS AND DISCUSSION

Flood frequency estimation by different methods
Results of the hydrologic modeling are summarized in Table 1 showing the peak discharge values for different Tr and the total volumes of the design hydrographs. In Figure 2 , the design hydrographs are shown in detail and two considerations can be stated.
First, peak discharges and total volumes are quite different for the Radiša case study considering the regional method as compared with the EBA4SUB approach. EBA4SUB provides larger values than the regional method, with a difference on average greater than 60% for peak discharges and on average greater than 25% for total volumes, highlighting the importance of hydrologic modeling. Conversely, for the Vycǒma case study, the differences are minor (strongly limited from 
Measurement of flood prone areas' differences
Results of h&h modeling are summarized in Table 2 showing the total flood prone areas and total flood volumes. Before commenting on the differences, it is noteworthy to point out that volumes reported in Table 2 cannot be compared with the corresponding ones reported in Table 1 . Indeed, the flood volumes determined employing HEC-RAS are obtained automatically, extending the channel flow depth horizontally until the DEM topography is reached, while the volumes determined employing FLO-2D are based on an asynchronous flow depth map that gives, for each cell, the maximum value of flow depth for the entire simulation.
In the following, the effects of topography, hydrologic modeling and hydraulic modeling are discussed separately in order to highlight which step of the procedure influences the flood areas' delineation more. In particular, the comparison was performed by comparing pairs of approaches reported in Table 2 according to the formula:
where: X and Y are two separate modeling approaches reported in Table 2 .
Differences in flood prone areas due to DEM resolution
The effect of topography on the flood areas' estimation is shown in Figure 3 () especially recommend using airborne laser scanning as an input DEM, which produced, in their study, a variation of up to only 1% in the modeled flood area of the floodplain, compared with contour-based DEM (50%) and global positioning system (GPS)-based DEM (8%). The same conclusions can be drawn for flood volumes, which are reported only in Table 2 and not shown in figures for brevity.
Their values are in the range À30% to À5% for the Radiša case study and in the range À40% to À25% for the Vycǒma case study (for all the investigated approaches and for an increasing Tr). The situation changes when considering the employment of i.e. RFA5 vs RFA6 (and VFA5 vs VFA6) . In such application, the flood volume is as important as the peak discharge. For both case studies, the differences in flood area increase with the increase in peak discharge and flood volume, meaning that when using event-based models the hydrograph shape determination is also fundamental. Regarding flood volumes, the same conclusions can be stated. For the HEC-RAS modeling approaches, the differences are practically constant and around À30% in value for the Radiša case study and around À10% for the Vycǒma case study, for Tr greater than 5 years.
As for FLO-2D applications, the difference increases with increasing peak discharge (Radiša case study in the range 0% to À84% and Vycǒma case study in the range 0% to À49%). It is noteworthy to highlight the behavior of flood areas for the Radiša case study, with the difference between RFA5 vs RFA6 becoming quite large for Tr greater than 20
years. This behavior could be due to flood movement over Figure 4 | Differences in the flood areas due to the hydrologic modeling. Nomenclature as in Table 2 . Table 2 .
the large flat area becoming significant for a particular threshold value of discharge.
Differences in flood prone areas due to 1D and 2D
hydraulic modeling
The effect of hydraulic modeling on the flood areas' estimation is shown in Figure 5 , where the comparison of (and VFA3 vs VFA5) showed that differences were quite stable with the return period (on average À50% for Radiša case study and À15% for Vycǒma case study). Conversely, RFA4 vs RFA6 (and VFA4 vs VFA6) showed a monotonic behavior with the increase in return period, from À45% to À60% for the Radiša case study and from À5% to À30%
for the Vycǒma case study.
Final comparison in flood prone areas
The flood areas' values are shown in Figure 6 for all the investigated methodologies, and visual comparison is provided in Figure 7 for Tr 100 limited to the approaches RFA1, RFA3 and RFA6. RFA1 represents 'standard' methodology for flood mapping in Slovakia, while RFA6 represents an alternative approach to the current methodology using the most recent h&h modeling. RFA3 highlights the role of DEM resolution.
For the Radiša case study, approaches RFA1, RFA2, RFA3 and RFA4 obviously present differences, but they are not so prominent. Using HEC-RAS, the role of topography and hydrologic modeling is secondary. Conversely, the role of hydraulic modeling (RFA5 and RFA6) appears to be fundamental and amplifies the importance of choosing the correct hydrologic modeling. This means that when using a detailed 2D model, where the hydrograph shape and volume are taken into account, also the choice of hydrologic model is critical. For the Vycǒma case study, Figure 5 | Differences in flood areas due to hydraulic modeling. Nomenclature as in Table 2 .
representing a rather low relief area, the role of topography emerges and particular attention must be paid to the quality of DEM resolution. The importance of hydraulic modeling is confirmed also for the Vycǒma case study, where the almost flat area poses particular issues in the flood area estimation.
CONCLUSIONS
In this study, two small ungauged basins were selected in Slovakia and different methodologies for flood mapping were tested highlighting the role of DEM resolution and h&h modeling. Two DEM resolutions were adopted for determining the effect of topography on flood area estimation.
Two hydrologic approaches were employed: regional method,
representing the most applied procedure in Slovakia for ungauged basins, and EBA4SUB approach. Moreover, two hydraulic approaches (1D and 2D) were selected. Different combinations of topography and hydrologic and hydraulic modeling were tested in order to quantify the effect of the single step of the procedure on flood mapping.
Regarding the DEM resolution, results showed its fundamental importance in the low relief area, while its effect was secondary in the moderate relief area. Regarding the hydrologic modeling, differences emerged between the two case studies: apparently, the regional method was not able to take into account the basin geomorphological properties and provided different results in terms of peak discharges as compared with the EBA4SUB model. Results confirmed that the choice of hydrologic modeling affects the results of flood areas in the same way independently of DEM resolution and that when using event-based models, the hydrograph shape determination is also fundamental. Regarding the hydraulic modeling, this was the step where major differences in the flood area estimation were found, so the practitioner should carefully choose the model to be employed.
The accuracy and quality of data as well as employed methodologies may introduce, obviously, sources of uncertainty in achieved results, which should be investigated.
One possible limitation may arise from the use of synthetic design rainfall in terms of hyetograph shape and its Table 2 . Table 2 . 
